here is accumulating data about embryonic-stemcell-derived cardiomyocytes during their entire differentiation period. However, the developmental changes of the electrophysiological properties such as automaticity of action potentials are still unknown. Some studies have suggested that T-type Ca 2+ channels may play a role in cardiac pacemaker activity because the channels are abundant in nodal tissue and activated in a voltage range consistent with pacemaker activity. Based on the Ni 2+ sensitivity, the T-type Ca 2+ channels can be classified into 2 subgroups (ie, Ni 2+ insensitive type encoded by Cav3.1 ( 1G) and Ni 2+ sensitive type encoded by Cav3.2 ( 1H)). 1, 2 A recent study has reported that ES cell-derived cardiac myocytes sorted by a cardiac specific markermyosin light chain (MLC) 2v expressed Ni 2+ insensitive Ttype Ca 2+ channels with a transient increase during development subsequent decrease at terminal differentiation. 3 Because MLC2v(+) cell-derived cardiac cells mainly include the ventricular myocytes, 4 other cell lineages, including the pacemaker cells or cardiac conduction system, would be necessary to investigate the electrophysiological properties of all types of cells, especially automaticity by sinus node-or conduction system-type cells. From the physiological aspect, interfering with the change of intracellular Ca 2+ by adding EGTA to the pipette solution seems to hinder the spontaneous beating activity of pacemaker cells, thus another approach that does not disturb the homeostasis of intracellular Ca 2+ is necessary to study the automaticity of ES-cell-derived cardiac cells. ES-cell-derived cardiac myocytes sorted by Nkx2.5-driven GFP expression differentiate, not only into working myocytes but also into sinus node-or conduction-type cells. 5 In the present study, we characterized the electrophysiological properties of the spontaneous action potential of Nkx2.5-positive cardiac precursor cells (Nkx2.5/GFP(+) cells) and examined the effects of Ni 2+ , Cs 2+ and nifedipine on the automaticity at various differentiation and developmental stages using the perforated patch technique.
The ES cells were cultured by the 'hanging drop' method and formed embryoid bodies (EBs) that showed spontaneous beating within 6-8 days. ES-cell-derived cardiac precursor cells were purified from the EBs using GFP as a reporter as described by Hidaka et al. 5 Action potentials and T-type Ca 2+ currents from the Nkx2.5/GFP(+) cells were recorded using perforated patch-clamp and standard voltage-clamp techniques. 6, 7 The effects of various drugs on the automaticity of Nkx2.5/GFP(+) cells were tested in the early (≤8 after differentiation), intermediate (days [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and late stages (≥day 20) of differentiation as described by 
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Wobus et al. 8 The frequency of spontaneous beating tended to increase with maturity of differentiation and decreased when the cells were finally differentiated, which was consistent with a previous report. 5 The automaticity of Nkx2.5/GFP(+) cells was affected by blockers of Na + channels, T-type and L-type Ca 2+ channels, IK1 and IK,ACH channels, If channels, and Ikr channels (data not shown). The Ni 2+ -insensitive T-type Ca 2+ channel encoded by Cav3.1( 1G) 3 has been recently reported as the major subtype of T-type Ca 2+ current in the fetal mouse heart and of MLC2v-positive cardiac cell lineage, and another very recent study showed that the Ni 2+ - sensitive T-type Ca 2+ channel encoded by Cav3.2( 1H) underlies the major subtype of the T-type Ca 2+ channel in murine ventricles during the embryonic period. 9 Fig 1A shows the effects of Ni 2+ on T-type Ca 2+ currents of Nkx2.5/GFP(+) cells induced by depolarizing test pulses from a holding potential at -90 mV in the Na + -free bathing solution containing 1.8 mmol/L Ca 2+ . T-type Ca 2+ currents were blocked by Ni 2+ in a dose-dependent manner. As shown in Fig 1B,C , in the late stage of their differentiation 40 mol/L Ni 2+ was enough to block the Ni 2+ -sensitive T-type Ca 2+ channels completely, prolong the cycle length of the spontaneous action potentials in one Nkx2.5/GFP(+) cell (Fig 1B: the same cell shown in Fig 1A) , whereas the 40 mol/L Ni 2+ did not show any effect on the automaticity of the other cells (Fig 1C) . In contrast, 2 mmol/L Cs 2+ , a potent blocker of If, prolonged the cycle length of the spontaneous action potentials in all Nkx2.5/GFP(+) cells (data not shown). To test the hypothesis that Ni 2+ -sensitivity of the automaticity of Nkx2.5/GFP(+) cells may change during differentiation, we examined the effect of 40 mol/L Ni 2+ , 2 mmol/L Cs 2+ or 50 mol/L nifedipine, a potent blocker of L-type Ca 2+ channel during the early, intermediate and late stages of their differentiation. Cs 2+ and nifedipine prolonged the cycle length of the spontaneous action potentials equally during the entire differentiation process (data not shown). In the early and intermediate stages Ni 2+ prolonged the cycle length in all cells (Fig 2A,B) , 50% of the cells in the late stage did not respond to Ni 2+ (Fig 2C) . This is the first report to show that the expression of the Ni 2+ -sensitive T-type Ca 2+ channel in Nkx2.5/GFP(+) cells with automaticity involving sinus node-or cardiac conduction system-type cells is developmentally regulated. We found that the automaticity of all Nkx2.5/GFP(+) cells responded to Ni 2+ in the early and intermediate stages, but some cells attenuated their response to Ni 2+ in the late stage without changing their sensitivity to either Cs + or nifedipine. The recent report by Zhang et al indicated that the Ni 2+ insensitive T-type Ca 2+ channel encoded by Cav3.1 plays a role in the automaticity of the MLC2v-positive cardiac cell lineage, 3 which is different from our findings. Nkx2.5/GFP(+) cells include pacemaker cells as well as atrial and ventricular cardiomyocytes, evidenced by the expression of Nkx2.5 throughout the course of development in the heart promordium as well as in cardiomyocytes. 5 On the other hand, the MLC2v-positive cardiac cell lineage represents ventricular cells alone, because the expression of MLC2v is localized in ventricular myocytes through development. 1, 2 The different cell lineages may account for the different distribution of cells expressing either Ni 2+ -sensitive or insensitive T-type Ca 2+ channels. The knock-in of the GFP reporter gene into one of the Nkx2.5 loci may influence the developmental changes of Nkx2.5/GFP(+) cardiac precursor cells, suggested by the association of Nkx2.5 dysfunction with the congenital heart disease. 10 However, we conclude that half of the dose of Nkx2.5 is sufficient to induce both cardiac differentiation (as described elsewhere 5 ) and the developmental changes of Ni 2+ sensitivity and automaticity in Nkx2.5/GFP(+) cells, because we had similar results from cardiac precursor cells derived from another ES cell line with intact Nkx2.5 function (data not shown).
